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Abstract 
 Effects of anxiety on perceptual-motor organisation of rhythmical forearm movements 
were examined using an interrupted time series design with staggered baselines. Participants 
were exposed to repeated baseline sessions interrupted with two anxiety-inducing sessions. 
Results showed that under moderate levels of anxiety, determined from CSAI-2 and heart rate 
data, phase relations between oscillating forearms became more stable in in-phase (00) and 
anti-phase (1800) modes, although these patterns were not maintained in baseline sessions 
following the anxiety manipulation. Data were consistent with participants employing a 
strategy of allocating greater attentional effort in stabilizing preferred co-ordination patterns 
under anxiety-inducing conditions. Results suggest that anxiety can temporarily act as a 
source of behavioural information, leading to the re-parameterisation of participants’ intrinsic 
dynamics. 
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Introduction 
 There has been limited research on effects of emotions on perceptual-motor organisation 
although some studies have shown that trait anxious individuals with high levels of state 
anxiety expended greater energy and displayed co-contracting neuro-muscular activation 
patterns [12]. However, recent studies of psychological and emotional constraints on 
movement co-ordination indicate that observed perceptual-motor re-organisation could 
exemplify functionally adaptive movement behaviours, rather than being incoherent features 
of action [5]. Putatively dysfunctional neuro-mechanical characteristics such as tremor and 
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co-contractions may provide adaptive strategies for maintaining stable motor patterns under 
stress.  
 Dynamical systems theory provides a viable framework for interpreting these findings and 
studying interactions between cognitive, emotional and motor subsystems, incorporating 
tools from non-linear dynamics and synergetics to explain how order emerges in biological 
movement systems under constraints. The degree of order between motor system components 
is captured by “order parameters”, variables moved through different stable and unstable 
states by the manipulation of “control parameters”. In the co-ordination dynamics literature, 
an established finding is that stable phase relations between participants’ oscillating limbs 
emerge as movement frequency changes [8]. When participants begin anti-phase oscillation 
of limbs, a spontaneous increase in pattern variability occurs, signalling loss of stability 
followed by an abrupt transition to an in-phase mode. Hallmark characteristics of dynamical 
movement systems, such as bi-stability, enhanced variance and phase transitions, have been 
observed in various tasks and successfully incorporated into models of bimanual co-
ordination by Haken et al.[4]. 
 Attempts have been made to understand how cognitive and emotional subsystems interact 
with motor subsystems to steer emergence of order parameter dynamics in the context of 
neurally-specified intentions, goals, or emotional states [2]. Behavioural information arising 
from “specific” parametric influences on neuro-muscular systems can perturb order 
parameter dynamics, creating attraction toward specific co-ordination patterns, and can 
originate from higher order cognitive processes including attention [13], stabilizing and 
destabilizing intrinsically stable movement patterns. For example, when individuals need to 
attend to an anti-phase mode, pattern stability can increase, and transitions to an in-phase 
mode are delayed [10].  
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 Of interest is whether humans can stabilize preferred modes of perceptual-motor 
organisation using attentional strategies when perturbed by emotional constraints. We 
investigated this question by examining effects of moderate levels of state anxiety on order 
parameter stability in a bimanual co-ordination task. As recommended in the anxiety 
literature, nomothetic and ideographic methodologies were combined across a multiple-case, 
interrupted time series design with staggered baselines [e.g., 11]. If performers used 
attentional mechanisms to invest more effort in stabilizing both anti-phase and in-phase 
movement patterns, this strategy would be evidenced at high movement frequencies by 
decreased variability in both modes of co-ordination, and delays in transition from anti-phase 
to in-phase modes of organisation, compared to baseline. Alternatively, if anxiety-inducing 
conditions influenced physiological function alone, enhanced variability in both modes of co-
ordination would be observed with transitions from anti-phase to in-phase modes at lower 
movement frequencies. 
Materials and Methods 
 Male participants (n = 26) completed a modified version of the Competitive Trait Anxiety 
Inventory (CTAI-2) [9], which measured intensity of predisposition towards experiencing 
cognitive anxiety, somatic anxiety, and levels of self-confidence in socially evaluated 
situations. A direction scale indicated whether perceptions of intensity were debilitating or 
facilitating during participation in socially evaluated contexts [7]. Four right-handed 
participants (WB, RC, ML, DR; age range 21 – 23 years), with scores on the cognitive and 
somatic subscales above the upper 75th percentile on the intensity scales, and below the lower 
25th percentile on the direction scale, volunteered for the experiment and completed consent 
forms. We invited individuals reporting the highest trait anxiety levels to participate in the 
experiment to increase the likelihood of the experimental manipulation elevating state anxiety 
levels.  
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 Two custom-built manipulanda, connected to vertically-mounted linear potentiometers 
(Spectrol, UK), provided a 2200 range of motion for the bi-manual co-ordination task. Using 
a computer algorithm, the analogue output (KOhm) from each potentiometer was converted 
to absolute angular displacement values to plot the position of each manipulandum at 
intervals of 0.1s (100 Hz). A visual metronome, consisting of two alternately flashing green 
and red circles on the left and right side of a computer screen respectively, was presented 1.5 
m away from participants at eye level. Each circle had a diameter of 80 mm and was 
presented for 40 ms across a range of frequencies. Electrodes placed in a lead II configuration 
[3] and connected to a Rigel Multicare 304 ECG (Rigel Research Ltd., England), recorded 
participants’ heart rates. A state version of the modified Competitive State Anxiety 
Inventory-2 [9] provided an indication of immediate anxiety responses to task performance in 
socially evaluated contexts. Participants sat in a chair and grasped the manipulanda with 
elbows at 900 and forearms parallel to the horizontal. To maintain a fixed body position, 
Velcro straps were fastened around the upper body and arms as participants rhythmically 
oscillated forearms through pronation and supination positions and synchronized anti-phase 
or in-phase movements with a visual metronome. A trial commenced with a movement 
frequency of 0.8 Hz and one complete cycle equated to the interval between onset of two 
consecutive green light signals. After a plateau of eight complete cycles, stimulus frequency 
was increased by 0.2 Hz for a second plateau of eight cycles, a procedure repeated up to a 
frequency of 2.8 Hz, and then decreased at 0.2 Hz intervals back to 0.8 Hz. To ensure 
observation of both lights, participants visually fixated on a white marker 0.5 cm in diameter 
in the centre of the computer screen. As conventional in studies of co-ordination dynamics, 
movement patterns were allowed to emerge naturally. Participants were asked not to 
intentionally switch to different patterns as movement frequency increased, but to stay with 
the most comfortable pattern. Conventional to other studies of co-ordination dynamics [e.g., 
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2, 8], participants were informed that there were no criteria for ‘good’ or ‘poor’ performance 
with respect to a task goal or other performers, since we sought to observe intrinsically stable 
movement patterns, and not intentionally mediated co-ordination patterns. To determine 
intrinsic dynamics, participants completed five anti-phase and five in-phase trials before 
commencing the experiment, involving twelve sessions arranged in an interrupted time series 
design with staggered baselines. Ten sessions were conducted under baseline conditions with 
the remaining two conducted under anxiety-inducing conditions (A1 and A2) during a six-
week period. The maximum time period between experimental sessions was four days. 
Participants completed three baseline sessions before A1 and A2, each involving ten trials 
performed in two blocks of five randomly-ordered trials in either anti-phase or in-phase 
mode, with inter-trial intervals of 45 s and inter-block intervals of 2 minutes. A total of 120 
trials were performed, 50 in each mode under baseline conditions, and 10 in each mode under 
anxiety-inducing conditions. Prior to testing participants rested for 15 mins while their HR 
was measured continuously. Throughout baseline conditions participants remained alone in 
the laboratory, after receiving task instructions and completing the modified CSAI-2, with 
experimenters situated in an adjacent cubicle. At the onset of a 6-min ‘anticipation period’ in 
A1 and A2, participants were informed that senior university researchers and teaching staff 
would be entering the cubicle to observe performance and gain further knowledge of the 
experimental paradigm. During the ‘anticipation period’ seven observers entered the cubicle 
with a video camera to record forearm movements to allow analysis of movements in detail 
for follow-up demonstrations in lectures and conferences. As in baseline conditions, during 
the last minute of the ‘anticipation period’ participants were re-issued task instructions and 
required to complete the modified CSAI-2. During the 45 s inter-trial interval observers asked 
a series of pre-determined questions regarding participants’ experiences during testing.  
Data reduction and analysis  
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 To examine variability of intrinsic dynamics of individual movement systems, within-
participant analyses were employed. Following recommendations for single-participant 
designs, a qualitative assessment of dependent variables over the twelve experimental 
sessions was undertaken to ensure internal and external validity [6]. In comparison to 
baseline sessions, differences observed during A1 and A2 were assessed with respect to the 
following criteria: a) values preceding those in A1 and A2 were required to be stable or in a 
direction opposite to that occurring, during or following the session; b) effects observed in 
A1 and A2 were to be replicable; c) data points between baseline sessions and those of A1 
and A2 were not to overlap; d) effects of treatments were to be observed immediately 
following their introduction; and e), treatment effects were to be relatively large [6]. 
Subsequent quantitative analysis of anxiety manipulation effects was confined to two 
separate periods: Period 1 refers to data acquired in the sessions immediately pre-, during, 
and post-A1; Period 2 refers to data acquired in the sessions immediately pre-, during, and 
post-A2. 
CSAI-2. Individual responses to the nine individual intensity and direction sub-scales from 
the CSAI-2 administered prior to each session were summed for each of the twelve sessions. 
Participants’ responses to the modified CSAI-2 were compared to assess changes in level of 
cognitive and somatic anxiety between baseline sessions and A1 and A2 [see 6]. 
Heart rate. Means and SDs of each participant’s HR were calculated from data collected 
within each trial (anti-phase and in-phase) across baseline and anxiety-inducing sessions. 
Initially, mean HR data were visually inspected and compared across all sessions using 
established criteria [see 6] and subsequently analysed using a 2 (Condition: Anti-phase and 
In-phase) × 2 (Period: 1 and 2) × 3 (Session: Pre-Anxiety, Anxiety, Post-Anxiety) ANOVA 
with repeated measures on all factors. Sphericity tests controlled for Type 1 errors with 
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alpha levels (set at p< 0.05) adjusted using the Huynh Feldt procedure. Post hoc comparisons 
were undertaken using Tukey’s HSD tests. 
Relative phase relations. Angular displacement data sampled at 100 Hz were filtered using a 
second order recursive Butterworth filter with a 5 Hz cut-off frequency, and differentiated 
using a two-point finite difference technique to derive instantaneous angular velocity data. 
The first cycle of each plateau was excluded from analyses to prevent data contamination 
through initial adjustment of cycling frequency to meet the demands of the changing 
metronome. A continuous estimate of relative phase between each participant’s left and right 
forearms was determined within each trial. 
 Visual inspection of data revealed that transitions only occurred in anti-phase trials toward 
the in-phase mode. In such trials, times to transition were measured from trial onset to the 
moment when relative phase began continuously decreasing from anti-phase relations (1800) 
toward in-phase relations (00). Participants were deemed to have completed a transition when 
relative phase was within the mean value obtained outside critical regions in the five anti-
phase and five in-phase trials performed prior to experimental testing (see Table 2). Because 
participants DR and ML did not always exhibit a switch from anti-phase to in-phase mode, it 
was not possible to extract a time to transition for each trial. In these instances time to 
transition was deemed to be the total duration of the trial (113.5s). Each participant’s time to 
transition data were subsequently analysed separately using a 2 (Period: 1 and 2) × 3 
(Session: Pre-Anxiety, Anxiety, Post-Anxiety) ANOVA with repeated measures on both 
factors. Differences in in-phase co-ordination patterns across each testing session were 
examined by calculating the mean continuous relative phase across seven of the eight cycles 
within each frequency plateau. Level of fluctuations indicative of the ‘relative’ local pattern 
stability was assessed using the SD of relative phase. Across trials beginning in the in-phase 
mode, mean relative phase and SD were calculated across a low frequency range between 1.0 
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and 1.8 Hz, and a high frequency range between 2.0 and 2.8 Hz. Mean relative phase and SD 
across in-phase trials were analysed separately for each participant using a 2 (Period: 1 and 2) 
× 3 (Session: Pre Anxiety, Anxiety, Post Anxiety) × 2 (Frequency: Low and High) ANOVA 
with repeated measures on all factors.  
Results 
CSAI-2. 
 Intensity of cognitive anxiety and somatic anxiety reported by participant DR remained 
stable across baseline sessions, pre- and post-anxiety-inducing conditions imposed at A1 and 
A2 (see Figure 1). After the anticipation period prior to A1 and A2, intensity scores on both 
anxiety sub-scales had increased beyond baseline levels. Magnitude of intensity scores was 
greater during A1 than A2. A similar pattern of results was exhibited by participant RC (see 
Figure 1b) with intensity of cognitive and somatic anxiety at A1 and A2 elevated beyond 
those reported in pre- and post-baseline sessions. Unlike DR, participant RC reported higher 
intensity scores at A2 than A1. Figure 1d shows participant WB also reported an increased 
intensity of cognitive and somatic anxiety at A1 compared to surrounding baseline sessions. 
Subsequent intensity scores remained constant across baseline sessions, and were not 
elevated at A2. Effects of anxiety-inducing task constraints were less apparent for participant 
ML (see Figure 1c), with some evidence that somatic anxiety at A1 increased beyond the 
majority of baseline sessions, although this effect was not replicated in A2. There was no 
apparent effect of anxiety on intensity scores of cognitive anxiety or levels of self-confidence. 
For participants DR and RC, increases in intensity of cognitive and somatic anxiety at A1 and 
A2 relative to baseline sessions were interpreted as being more debilitating for task 
performance. Values fell below those observed across all other baseline sessions. The same 
results were observed for participants ML and WB but only across A1. 
Heart Rate. 
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 Inspection of mean HR data across the twelve experimental sessions indicated no 
differences between anti-phase and in-phase trials. Statistical analysis of mean HR during 
anti-phase and in-phase trials in Period 1 and Period 2 revealed that participants RC and ML 
had a significantly higher (p < .05) mean HR in A1 and A2 than in pre- and post-baseline 
sessions for both modes (see Tables 1 and 2). For participant WB, mean HR was significantly 
higher (p < .05) during A2 than surrounding sessions in both modes (p < .05.). Effects of 
anxiety on participant DR was less reliable, with only mean HR in the anti-phase mode being 
higher during A1 than surrounding baseline sessions. 
Relative phase relations 
 Time to transition. Statistical analysis confirmed that for participants RC and WB time to 
transition was significantly longer in A1 than pre- and post-baseline. Although this was not 
the case for DR and ML, these participants did not always exhibit a transition to the in-phase 
mode in the anxiety-inducing condition. Instead, they continued to exhibit anti-phase 
organisation across the full range of oscillation frequencies, despite reporting in post-test 
interviews that they did not intentionally induce or resist transitions to the in-phase mode 
(Table 2). 
 Mean relative phase and SD. For trials prepared in in-phase mode, no significant 
differences were observed in mean relative phase and SD between baseline and anxiety-
inducing sessions in the low frequency classification (1.0 to 1.8 Hz). In the high frequency 
classification (2.0 to 2.8 Hz) there was a significant interaction between session and 
frequency in 14 of 16 tests (mean and SD for 2 periods and 4 subjects). All participants 
displayed a similar pattern of results with mean relative phase and SD during both A1 and A2 
lower than in the majority of preceding baseline sessions (Figure 2). Following A1 and A2, 
mean relative phase and SD increased on return to baseline, in contrast to trends observed 
across previous baseline sessions, where it had been decreasing towards anxiety-inducing 
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sessions. To summarise, at oscillation frequencies ranging between 2.0 and 2.8 Hz, the most 
accurate and stable in-phase relations were observed during A1 and A2. 
Discussion 
 Interrupted time series with staggered baselines were used to examine effects of moderate 
levels of state anxiety on perceptual-motor organisation of bimanual co-ordination. In 
comparison to baseline, CSAI-2 data revealed that participants (DR, RC and WB) generally 
experienced elevated cognitive and somatic anxiety levels immediately before anxiety-
inducing sessions, perceived as debilitating for task performance. Magnitude of differences 
between pre- and post-baseline sessions and the anxiety session was generally lower in 
Period 2, indicating that participants were habituating to the stressor. Effects of elevated state 
anxiety in anxiety-inducing conditions were also evident in “in-event” measures. Although 
participants’ mean HR fluctuated to varying degrees across baseline sessions, values were 
elevated during A1 and A2 when performing both co-ordination modes, also observed in 
participant ML, who did not exhibit clear anxiety effects in CSAI-2 data. These data are 
consistent with Eysenck and Calvo’s [3] suggestion that anxiety produces “worry”, which 
motivates performers to invest additional on-task effort, also evident in relative phase data. 
When prepared in an anti-phase mode, transition to in-phase modes occurred later when 
participants were significantly anxious (A1). Immediately following anxiety-inducing 
sessions, times to transition returned to baseline values, suggesting that when participants 
were anxious, anti-phase modes were stabilized by investment of additional effort, enabling 
performers to suppress intrinsic tendencies to switch toward in-phase modes. This 
interpretation of our data supports previous research demonstrating participants are able to 
delay or override intrinsic tendencies to switch toward in-phase relations only when they 
exert attention/volitional effort toward anti-phase relations [10]. Additional support for this 
idea was observed in relative phase data from trials performed at relatively high frequencies 
Anxiety and Dynamics     12 
(2.0 – 2.8 Hz) in in-phase modes. During A1 and A2, mean relative phase and SD values 
were significantly lower than in surrounding baseline sessions (pre- and post-). In dynamical 
systems research, lower variability and mean relative phase values closer to in-phase (00) and 
anti-phase (1800) have been observed when participants have been instructed to minimise co-
ordination variability. The suggestion is that intentional force arising from increased attention 
provides behavioural information capable of stabilising inter-limb coordination patterns 
through an increase in coupling strength between oscillating limbs. There was no evidence 
of increased pattern stability at relatively low frequencies (1.0 - 1.8 Hz), which is 
unsurprising given that preferred frequencies in hand/forearm oscillation tasks occurred 
between 0.8 – 1.8 Hz, enabling participants to perform the task without increased attentional 
effort [8]. Despite these findings, increased state anxiety and/or pattern stability did not 
always occur as HR was elevated, a relationship most notable for participant DR. Rather than 
implementing the strategy of increasing attentional effort, this participant might have coped 
with the anxiety manipulation by re-directing existing attentional resources to more 
appropriate task features. The complex relationship between our dependent measures was not 
restricted to in-phase trials. Participant RC exhibited elevated heart rate during A2, but no 
lengthening of time to transition from anti-phase to in-phase mode. Although the relationship 
between these measures was complex, we found no evidence that stability of anti-phase and 
in-phase modes decreased in anxiety-inducing sessions. Elevated levels of observed state 
anxiety did not simply have a negative effect on motor performance via alterations to 
physiological function (e.g., sequencing of muscular activation), as reported in early 
interdisciplinary anxiety research [12]. Rather, as found in recent studies of effects of 
psychological stressors on movement kinematics, participants can adopt a range of strategies 
to produce stable movements [5]. Results of the current study suggest that cognitive 
strategies, perhaps deemed as dysfunctional (i.e. paying too much attention to basic 
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movements), might be implemented as adaptive functional behaviours during task 
performance.  
References 
[1] Catalano JT (1993) Guide to ECG Analysis. Boston: J.B. Lippincott. 
[2] Court MLJ, Bennett SJ, Williams AM, Davids K (2002) Local stability in coordinated 
rhythmic movements: Fluctuations and relaxation times. H Mov Sci 21: 39-60 
[3] Eysenck MW, Calvo MG (1992) Anxiety and Performance: The Processing efficiency 
theory. Cog and Emot 6(6): 409-434 
[4] Haken H, Kelso JAS, Bunz H (1985) A theoretical model of phase transitions in human 
hand movements. Biol Cyber 51: 347-356. 
[5] Higuchi T, Imanaka K, Hatayama T (2002) Freezing degrees of freedom under stress: 
Kinematic evidence of constrained movement strategies. H Mov Sci 21: 831-846 
[6] Hyraiko D, Martin GL (1996) Applied research studies with single subject designs: Why 
so few? J Appl Sp Psy 8: 183-199 
[7] Jones G, Swain A (1992) Intensity and direction dimensions of competitive state anxiety 
and relationships with competitiveness. Percept Mot Skills 74: 467-472 
[8] Kelso JAS (1984) Phase transitions and critical behavior in human bimanual co-
ordination. Am J Physiol: Regul Integr Comp Physiol 15: R1000-R1004. 
[9] Martens RM, Burton D, Vealey RS, Bump LA, Smith D (1990) The development of the 
competitive state anxiety inventory-2 (CSAI-2) In: Martens R, Vealey RS, Burton D (eds) 
Competitive state anxiety in sport. Champaign, IL: Human Kinetics, pp 117-190 
[10] Monno A, Chardenon A, Temprado JJ, Zanone PG, Laurent M (2000) Effects of 
attention on phase transitions between bimanual co-ordination patterns: a behavioral and cost 
analysis in humans. Neurosci Lett 283: 93-96 
Anxiety and Dynamics     14 
[11] Sonstroem RJ, Bernardo P (1982) Intraindividual pregame anxiety and basketball 
performance: A re-examination of the inverted U curve. J Sp Psy 4: 235-245 
[12] Weinberg RS, Hunt VV (1976) The interrelationships between anxiety, motor 
performance and electromyography. J Mot Behav 8: 219-224 
[13] Wuyts IJ, Summers JJ, Carson RG, Byblow WD, Semjen A (1996) Attention as a 
mediating variable in the dynamics of bimanual co-ordination. H Mov Sci 15: 877–897. 
 
Figure Captions 
Figure 1. Modified CSAI-2 intensity scores across baseline and experimental sessions for 
individual participants. Dashed lines indicate anxiety inducing sessions. 
Figure 2. Mean and SD of relative phase of the in-phase mode across baseline and 
experimental sessions at frequencies ranging between 2.0 and 2.8 Hz for individual 
participants. Black circles indicates mean relative phase; white circles indicates mean SD of 
relative phase; dashed lines indicate anxiety inducing sessions. 
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Table1. Mean and SD of heart rate across anti-phase and in-phase trials during Period 1 and 
Period 2. 
Period 1 Period 2 
Antiphase 
Pre Anxiety Post Pre Anxiety Post 
76.68 ± 2.18 *87.53 ± 5.01 77.78 ± 0.63 83.59 ± 1.02 85.91 ± 2.68 77.43 ± 2.5
85.95 ± 2.64 *95.75 ± 4.60 83.15 ± 0.94 88.52 ± 1.60 *95.80 ± 0.92 89.49 ± 0.7
78.46 ± 1.70 *101.18 ± 6.08 78.42 ± 1.09 75.64 ± 2.28 **89.02 ± 2.76 87.93 ± 1.4
N/A N/A N/A 95.29 ± 2.43 *106.72 ± 1.04 100.16 ± 3
Period 1  Period 2 
Inphase 
Pre Anxiety Post Pre Anxiety Post 
80.30 ± 1.14 82.63 ± 2.02 78.55 ± 0.41 82.24 ± 1.35 81.94 ± 1.61 78.08 ± 2.0
87.18 ± 0.89 *97.11 ± 2.76 84.35 ± 1.24 89.59 ± 2.02 *94.78 ± 1.06 88.66 ± 1.5
79.90 ± 0.64 *99.93 ± 4.44 77.54 ± 1.24 75.92 ± 1.50 **87.95 ± 0.93 87.56 ± 0.8
N/A N/A N/A 96.33 ± 1.49 *105.98 ± 1.05 99.59 ± 2.2
Note. * HR significantly greater in experimental session compared to the pre baseline and 
post baseline sessions p < .05. ** HR significantly greater in experimental session compared 
to the pre baseline session, p < .05.  
Table 2. Mean and SD of time to transition during Period 1 and Period 2. 
 Period 1 Period 2 
Participant Pre Anxiety Post Pre Anxiet
DR 52.0 ± 4.7 68.9 ± 25.3 54.2 ± 8.0 68.9 ± 25.2 69.4 ±
RC 52.2 ± 2.7 *61.2 ± 4.0 55.6 ± 1.7 56.6 ± 2.5 57.9 ±
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ML 40.5 ± 3.7 51.9 ± 34.5 35.7 ± 1.6 36.8 ± 3.6 34.0 ±
WB 54.4 ± 6.5 *58.3 ± 2.5 55.0 ± 9.1 52.5 ± 2.6 54.1 ±
 
Note. * Time to transition significantly greater in experimental session compared to the pre 
baseline and post baseline sessions p < .05. 
 1 
 
 
